The synthesis of a new olefin-derived acrylate monomer, 1-methyl-1-propylhexyl acrylate (1-MPHA), starting from 1-pentene, is reported. 1-MPHA was found to be polymerizable to high conversion by conventional free radical means. Homopolymerization of the monomer in benzene and toluene progressed faster in toluene than in bulk. Kinetic studies show 1-MPHA to be a relatively slow reacting monomer. The homopolymer of 1-MPHA was found to be thermally stable to about 200 °C, and soft at room temperature, with a T g of -43 °C.
Introduction
1-Pentene, an odd numbered α-olefin, is a by-product of the conversion of coal to crude oil via the Fischer-Tropsch process. The Fischer-Tropsch process gives a wide range of α-olefins because it uses syngas (CO + H 2 ) as the feedstock [1] , whereas the Shell Higher Olefin Process (SHOP), which derives α-olefins from ethylene, results only in even-numbered α-olefins [2] . 1-Pentene has recently been commercially used as a comonomer in copolymerization with polypropylene by Sasol Polymers (Pty) Ltd.
Recent developments in metallocene catalysis have now made it possible to convert monomers into oligomers with high regioselectivity and high specificity of chain termination reactions [3] . Variation of the co-catalyst to catalyst ratio makes it possible to control the degree of oligomerization [4, 5] . For instance, in recent studies on the oligomerization of α-olefins with zirconocene dichloride as catalyst and methylaluminoxane as co-catalyst, a low co-catalyst to catalyst ratio (1:1) gave mainly dimers [4] , and a high ratio (1000:1) gave a range of oligomers from dimers to tetramers [5] .
The most important advantage of oligomers formed via metallocene-catalyzed reactions is their well-defined functionality and chain lengths, leading to uniform reactivity [2] . This property of the oligomers leads to improved control of the structure of products in subsequent functionalization reactions. The oligomers can be used as intermediates in the preparation of polymeric compounds such as anhydrides, esters, acids, silanes, thiols and alcohols.
Alkenes/olefins are converted to alcohols by hydration through processes such as hydroboration and oxymercuration. Hydroboration results in antiMarkovnikov addition [6, 7] whereas oxymercuration results in Markovnikov addition across the double bond [8] .
The alcohols can be converted to acrylates by esterification with acryloyl chloride [9] [10] [11] [12] [13] . Acrylate monomers are often copolymerized with other monomers to form a wide variety of products, e.g. copolymers of glycidyl methacrylate with other acrylates are used in applications such as coatings, paints, adhesives and binders in the leather, paper and textiles industries [9] [10] [11] [12] [13] .
In this investigation, the inexpensive monomer 1-pentene, a by-product of the Fischer-Tropsch process, was converted into a polymerizable acrylate. The properties of the monomer, the polymer, and the kinetics of the homopolymerization process were investigated and reported here.
Experimental
Reagents 1-Pentene (Aldrich, 95%) was dried over lithium aluminium hydride (LiAlH 4 ), distilled and stored under nitrogen over 4 Å molecular sieves. The co-catalyst methylaluminoxane (MAO, Aldrich, 10% in toluene) and the catalyst biscyclopentadiene zirconocene dichloride (Cp 2 ZrCl 2 , Labchem, 98%) were used as received and handled under nitrogen in a glove box. Mercuric acetate (Hg(OAc) 2 , Merck, 96%), sodium borohydride (NaBH 4 , Merck) and tetrahydrofuran (THF, Saarchem, AR grade) were used as received. Toluene (Saarchem, AR grade) was dried by boiling under reflux over sodium metal flakes. Benzophenone was used to indicate complete drying of the toluene. The dry toluene was collected and stored under nitrogen over 4 Å molecular sieves. Diethyl ether (Labchem, CP grade), acryloyl chloride (Labchem, 98%) and triethylamine (Labchem, 99%) were all used as received. Deuterated toluene (Sigma-Aldrich, 99%) was used for the in situ NMR experiments. Methyl methacrylate (MMA, ICI Chemicals and Polymers, 99.9%) was purified by distillation under reduced pressure. Azobis(isobutyronitrile) (AIBN, Delta Scientific, 98%), the initiator, was dissolved in chloroform and recrystallized from methanol.
Analyses
A Varian VXR 300 dual channel broadband pulse Fourier-transform NMR spectrometer was used to obtain 1 H (300 MHz) and 13 C (75 MHz) NMR spectra of the products. The NMR samples were dissolved in deuterated chloroform (CDCl 3 ) and the spectra were recorded at room temperature (25 °C).
A Perkin-Elmer Fourier-transform infrared spectrophotometer (FTIR) was used to confirm the functional groups of the synthesized compounds. A drop of sample dissolved in THF was placed on a NaCl disc and then dried. Forty scans were obtained for each sample and for a background of THF dried on a NaCl disc.
Analysis of the polymers by gel permeation chromatography was performed on a system comprising a Waters 610 Fluid Unit, Waters 410 Differential Refractometer at 30 °C, a Waters 717 plus Autosampler and Waters 600E System Controller. Two PLgel 5 µm Mixed-C columns and a pre-column (PLgel 5 µm Guard) were used and the column oven was set at 30 °C. Data acquisition and analysis was done with Millenium 32 software. THF was used as the solvent at a flow rate of 1.0 mL/min. The samples were prepared by dissolving 5 mg of the polymer samples in 1 mL of HPLC-grade THF, filtered through a 0.45 µm nylon filter. The volume of the injected samples was 100 µL. The system was calibrated with narrow polystyrene standards ranging from 800 to 2 × 10 6 g/mol. All quoted molar masses are with respect to the polystyrene standards.
In situ

1
H NMR kinetic studies were run on a Varian INOVA 600 dual fullband pulse NMR spectrometer at 70 °C and 600 MHz. The samples were prepared by weighing the monomer directly into an NMR tube. After adding AIBN dissolved in deuterated toluene to the NMR tube, nitrogen was bubbled through the sample for 2 minutes. The tube was closed with an NMR tube cap and then inserted into the NMR apparatus. The temperature was raised to 70 °C. Scans were taken at 5-minute intervals for the duration of the experiment. The collected data were processed using ACD Labs 7.0 1 H NMR processor integration software.
A Perkin-Elmer Thermogravimetric Analyser 7 was used for thermogravimetric analyses. The samples, in powder form, were heated from room temperature to 900 °C at a rate of 10 °C/min.
A Perkin-Elmer Dynamic Mechanical Analyser was used to measure the mechanical responses of the samples when subjected to a heating programme at a frequency of 1 Hz. The samples were heated from -55 °C to 200 °C at a rate of 5 °C/min. The samples used were pressed using a KBr disc mould and then annealed at 100 °C before analysis.
Synthesis of 1-methyl-1-propyl-hexyl acrylate
This section describes the following 3-step synthetic pathway (Scheme 1) used for the preparation of 1-methyl-1-propyl-hexyl acrylate:
• Oligomerization of 1-pentene to form 2-propyl-heptene
• Hydration of 2-propyl-heptene to form 4-methyl-nonan-4-ol
• Esterification of 4-methyl-nonan-4-ol to form 1-methyl-1-propyl-hexyl acrylate Scheme 1: Reaction pathway used for the preparation of 1-methyl-1-propylhexyl acrylate from 1-pentene.
Oligomerization of 1-pentene
In the oligomerization of 1-pentene, Bergman and co-workers [4] used a 1:1 Al:Zr co-catalyst to catalyst ratio and obtained a product consisting predominantly of dimers. Wahner and co-workers [5] used a 1000:1 Al:Zr ratio and obtained a product ranging from dimers to tetramers. A ratio of 100:1 was used in this study, as it gave a predominantly dimeric product. The dimerization was performed in bulk at room temperature with stirring in a 2 L high-pressure steel reactor containing a glass reaction vessel as lining. A typical feed consisted of 800 mL 1-pentene (7.30 mol), 12.0 mL MAO (24 mmol) and 71.2 mg Cp 2 ZrCl 2 (0.24 mmol). After 8 hours, the reaction was quenched with methanol acidified with hydrochloric acid. The product was purified and fractionated by distilling using a Vigreux column. The dimeric product boiling at 119 °C at atmospheric pressure was collected. The trimer and tetramer were easily separated from the dimer as they only distil under vacuum (2 mbar), over temperature ranges of 90 -100 °C and 115 -130 °C, respectively [5] . 
Hydration of 2-propyl-heptene
The synthetic procedure of Brown and Geoghegan [8] was followed for the hydration of 2-propyl-heptene. The reactor was charged with 3.187 g mercuric acetate (10 mmol), 10 mL water, 10 mL tetrahydrofuran and 1.403 g 2-propylheptene (10 mmol). After 2 minutes with stirring at room temperature the initial yellow colour of the reaction mixture changed to colourless. The reaction was allowed to run for a further 10 minutes before the addition of 10 mL of 3.0 mol/L sodium hydroxide and 10 mL of 0.5 mol/L sodium borohydride in 3.0 mol/L sodium hydroxide. Addition of the sodium borohydride solution was done slowly in order to keep the reaction temperature below 25 ºC, since the reaction is highly exothermic. The reduction step is very fast and the reaction was completed as soon as the addition of the sodium borohydride solution was completed.
The mercury metal formed during the reduction step was allowed to settle. NaCl was added to saturate the aqueous layer. The upper layer of tetrahydrofuran was separated, and from this layer the product 4-methylnonan-4-ol (4-MNOL), a tertiary alcohol, was obtained after evaporation of the solvent.
Esterification of 4-methyl-nonan-4-ol
1-Methyl-1-propyl-hexyl acrylate (1-MPHA) was synthesized from 4-MNOL by esterification of the alcohol functionality with acryloyl chloride, as detailed in the work by Reddy and co-workers [9, 14] . 4-MNOL (0.2 mol) in 100 mL dry diethyl ether was added to 31 mL triethylamine (0.22 mol) and the mixture stirred at 0°C. Over a period of 1 hour, 23 mL acryloyl chloride (0.28 mol) was then added dropwise. A white precipitate began forming immediately. After all the acryloyl chloride was added, the reaction was allowed to run for a further hour at room temperature. The crude reaction mixture was then washed with water and a 1% sodium hydroxide solution to remove the excess acryloyl chloride. The crude product was dried over anhydrous sodium sulfate and filtered. Evaporation of the ether and volatiles yielded 1-methyl-1-propyl-hexyl acrylate which was purified by column chromatography (silica gel), using dichloromethane as the eluent.
Results and discussion
The structures of the required compounds at each step in the synthesis of 1-MPHA were confirmed as follows:
Oligomerization of 1-pentene
According to gas chromatographic (GC) analysis the raw reaction product of the oligomerization process had a typical oligomer distribution: 90% dimer, 7% trimer and 3% higher oligomers. 
Hydration of 2-propyl-heptene
The structure of 4-methyl-nonan-4-ol was confirmed by 1 H, 13 C NMR and IR spectroscopy. 
Esterification of 4-methyl-nonan-4-ol
Homopolymerization of 1-methyl-1-propyl-hexyl acrylate
The homopolymerizations of 1-MPHA were carried out in high-pressure Schlenk tubes. The first homopolymerization was performed using benzene as solvent, a 50 wt% monomer solution and 2 wt% AIBN as initiator. The reaction was conducted at 70 °C over a period of three days. On completion of the reaction the benzene was evaporated off and the non-volatiles redissolved in CDCl 3 for 1 H NMR analysis. The spectrum in Fig. 1(a) shows that monomer still remained, as indicated by the double bond peaks between δ = 5.6 and 6.4 ppm. In an effort to obtain more complete polymerization, the reaction was repeated with toluene as solvent. On completion of the reaction the toluene was evaporated off and the non-volatiles redissolved in CDCl 3 for 1 H NMR analysis. The 1 H NMR spectrum of this product is shown in Fig. 1(b) . There was now almost complete disappearance of the double bond peaks. The structure of the homopolymer is shown in Scheme 2. Toluene was used for all further polymerization reactions. Homopolymerization reactions of 70 and 50 wt% monomer solutions in toluene were investigated since in bulk, the initiator is insoluble. AIBN (2 wt %, with respect to monomer) was used to initiate the reactions. The Schlenk tube reaction vessels containing the reaction mixtures were subjected to three freeze-pump-thaw cycles to remove dissolved oxygen, before immersion in oil bath at 70 °C. Reactions were run for 18 hours. The products were recovered by pouring the contents of each reaction mixture into a 5-fold excess of methanol to precipitate the respective polymers. The polymers were separated by filtration, and further purified by redissolving in THF and precipitating from methanol. Thereafter the polymer products were dried under vacuum at 50 °C for 24 hours and analyzed by GPC, NMR, IR, TGA and DMA.
The gravimetric yields and molecular weight data (relative to polystyrene standards) of the homopolymers are summarized in Table 1 . The homopolymer obtained with 70 wt% monomer solution in toluene showed high weight average molecular weight. The accuracy of this and the 50 wt% sample values are in doubt as they are based on polystyrene standards and use Mark-Houwink parameters which are likely to be different for the poly-(1-MPHA) homopolymer. H NMR spectrum of the homopolymer of 1-MPHA is shown in Fig. 1(b) . The emergence of a new broad peak around δ = 2.27 ppm corresponds to the aliphatic methylene hydrogens of the polymer backbone and some of the pendant groups.
Tab
Complete disappearance of the carbon-carbon double bond peak in the FTIR spectrum of the 1-MPHA homopolymer of the 1-MPHA monomer at about 1619 cm -1 is observed. The NMR, GPC and FTIR data confirmed that the synthesized 1-MPHA is polymerizable by free radical means.
Kinetics of the homopolymerization of 1-methyl-1-propyl-hexyl acrylate
The kinetics of the homopolymerization reaction of 1-MPHA were studied as follows: A 50 wt% solution of the monomer 1-MPHA in toluene and 2 wt% AIBN (initiator) was heated to 70 °C in a sealed vessel, and samples were withdrawn (via a septum) throughout the reaction. 1 H NMR spectra of the samples were obtained by dissolving 60 mg of the reaction mixture (after removal of toluene by evaporation) in deuterated chloroform.
It was observed that polymerization did not occur within the first 24 hours, i.e. there was a long induction period even though 2% of AIBN initiator was used. Preliminary copolymerization reactions with MMA (which will be the subject of a subsequent study), gave faster reactions with no noticeable inhibition. Thus, a small amount of MMA (1.5 or 5 wt%) was then added to 1-MPHA to investigate its effect on the length of the induction period. Fig. 2 shows the results for the 1.5 wt% sample. A possible reason for the long inhibition period during homopolymerization of 1-MPHA is the formation of stable, nonpropagating radicals. There could also be some radical impurities in the form of radical scavengers in the reaction mixture which preferentially attack the cyanoisopropyl radicals from AIBN. Reactive impurities can rapidly consume reactive free radicals over a long induction period in a polymerization system, thereby preventing propagation [15] . H NMR spectrum of the impurity species recovered from the column used for further purification of the 1-MPHA. The peaks between ca. 5.4 and 7.6 ppm were consumed during the polymerization process.
In order to identify the reasons for the apparent induction period, the entire polymerization process was analyzed by an in situ reaction in an NMR tube, and 1 H NMR scans were recorded at 5-minute intervals. Deuterated toluene was used as the solvent to make up 50 wt% solutions. Due to the very slow reaction, the very long induction period, and to maximize levels of possible initiator-derived side products, an unusually high concentration of AIBN (10 wt%) was used. An isolated internal standard of pyrazine with a few drops of deuterated benzene was used to normalize the double bond peak area integrations. The reaction temperature was 70 °C. Fig. 4(a) shows the peaks monitored for the calculation of conversion during the reaction. A ratio of the summation of the normalized integrals from H 1 , H 2 Observations from the three in situ 1 H NMR homopolymerization experiments of 1-MPHA are explained below. In the first experiment there is a long period of very slow reaction (the "induction" period) of about two hours, after which the reaction rate is normal. For this reaction, monomer was purified by one pass through a silica gel column using dichloromethane as the eluent. The impurity species were visible as numerous peaks appearing in the double bond region of the 1 H NMR spectra (Fig. 4(a) and (b) ), and allowed calculation of percentage purity. The spectrum in Fig. 4(b) shows the observed impurities that were eluted out of the column used for 1-MPHA purification.
The purification of the monomer 1-MPHA was repeated a second time by column chromatography under the same conditions as the first. The 1 H NMR spectrum shows purity had increased to 99.8%. The peaks indicating impurity that were consumed during the polymerization reaction lay between ca. 5.4 and 7.6 ppm, and were used for monitoring their consumption. Here a shorter induction period of about 25 minutes was observed. Fig. 5(b) and (c) show the consumption of the monomer and impurity (shown as logarithmic plots for clarity) as a function of time for both the one and two column-purified monomer. The scatter in the impurity data at low concentrations is due to the low signal-to-noise ratio at low concentrations. It can be seen that the impurity is rapidly consumed at the beginning of the reaction, while the monomer consumption is very slow. As soon as most of the impurity had been consumed, the rate of monomer consumption rapidly increased to its maximum rate. When the impurity was further removed by a third column separation from the monomer such that the impurity levels were undetectable by the current 1 H NMR conditions, no induction period was observed (Fig. 5(a) : Pure 1-MPHA). It should be noted that the reaction is still slow even at this very high initiator concentration and high conversion was not reached after 3 hours, which is unusual for acrylate monomers. The identity of the impurity could not be ascertained from the NMR data. The vinyl/olefinic peaks in the 1 H NMR spectra of the impurity do not correspond to the unreacted olefin dimer or other intermediate steps in the synthesis of the 1-MPHA.
There are some unexplained phenomena, as we reduce the impurity, the polymerisation slows, yet when a small amount of MMA is added (Fig. 2) , the polymerisation assumes a high rate (typical of acrylates) and no inhibition. Therefore, a problem with the new monomer 1-MPHA is not only that it is susceptible to impurities (that do not affect MMA), but that in itself is too bulky to efficiently homopolymerize at a useful rate.
The bulky structure of the 1-MPHA monomer would probably result in a very low rate coefficient for monomer addition to the bulky tertiary cyanoisopropyl radical as even for non bulky acrylate monomers the rate coefficient is low, e.g. the rate coefficient for methyl acrylate addition to the cyanoisopropyl radical is 367 dm 3 mol -1 s -1 at 42 °C [16] (for styrene addition to the cyanoisopropyl radical it is 5200 dm 3 mol -1 s -1 at 70 °C [16] ). The substantially reduced apparent inhibition period when MMA was added as a comonomer suggests that MMA competes effectively with the impurity for the cyanoisopropyl radicals and/or readily undergoes copolymerization with any radicals that are formed by reaction of cyanoisopropyl radicals with the impurity.
Solubility parameters of poly-(1-methyl-1-propyl-hexyl acrylate)
The contributions from the various groups used to calculate the solubility parameters are shown in Table 2 , based on the structure in Scheme 2. The solubility parameter was first calculated from the estimated cohesive energy (E coh ) [15] by:
Here V (the volume) is the sum of the individual ( V i ) group volume contributions at room temperature, and the cohesive energy was calculated by the sum of the individual group energy contributions, E i, ( Table 2 ). The calculated solubility parameter by this method was thus estimated as δ = 17.6 J 1/2 cm -3/2 . The solubility parameter was also estimated from the cohesive energy calculated from F (which is sum of individual group molar attraction constants (F i )) and V:
This method gave a value of δ = 17. 
Total 66500 3719 211
Thermal properties of poly-(1-methyl-1-propyl-hexyl acrylate) The TGA trace of the 1-MPHA homopolymer shown in Fig. 6 indicates that the homopolymer is stable to a temperature slightly above 200 °C and has two stages of thermal degradation. The shape of the decomposition trace for poly-(1-MPHA) is similar to that of poly-(tert-butyl acrylate) [17] . In comparison with poly-(tert-butyl acrylate) which has a shorter branched side group, 5 wt% loss in poly-(1-MPHA) occurs at 233 °C which is lower than that of poly-(tert-butyl acrylate) of 255 °C. The temperature at which the maximum rate of decomposition is observed is at 276 °C which is slightly higher than that for poly-(tert-butyl acrylate) of 262 °C. The initial decomposition of poly-(1-MPHA) should similarly yield the starting olefin 2-propyl heptene leaving Tan delta carboxylic acid groups which dehydrate to give six membered cyclic anhydride structures and water [17, 18] .
Fig. 7:
DMA results for the homopolymer of 1-MPHA. Fig. 7 shows DMA traces of the thermo-mechanical properties of the homopolymer. Cooling limitations with the mechanical cooling system used meant the temperature could not be reduced below -56 °C. The value for T g is estimated to be -43 °C, and the sample reaches the rubbery plateau around -10 °C. The value for the T g obtained is reasonable as the presence of the branched carbon on the side chain imparts stiffness to the polymer and reduces the mobility of the chain. The limited mobility results in an increase in the T g . This phenomenon is well displayed when comparing polyheptyl acrylate, which has a linear side chain to poly-1-methylheptyl acrylate which has a branched side chain, with T g s of -60 and -46 °C, respectively [19] . Also, poly-(butyl acrylate) with a T g of -51.7 °C [20] has a T g that is about 100 °C lower than its branched isomer poly-(tert-butyl acrylate), with a T g of 48.4 °C [17] . The tan delta trace is broad, with two local maxima typical of long side branch polymers. At room temperature the polymer is sticky.
Conclusions
The dimer of 1-pentene, 1-propyl-heptene, was successfully converted into the acrylic monomer, 1-methyl-1-propyl-hexyl acrylate (1-MPHA) via esterification of 4-methyl-nonan-4-ol (4-MNOL). The structure of 1-MPHA was confirmed by NMR and FTIR spectroscopy. 1-MPHA was successfully homopolymerized, as confirmed by GPC, NMR and FTIR data.
1
H NMR kinetic data revealed an extremely long induction period that was subsequently traced to the presence of a very low concentration of an as yet unknown impurity. When MMA was added to 1-MPHA to encourage the homopolymerization of 1-MPHA, the reaction was much faster. This is presumably because the MMA competes favourably with the impurity for addition of the initiator-derived cyanoisopropyl radicals, and provides radicals that are able to add to 1-MPHA. Rigorous purification of the monomer eliminated the induction period. The new monomer is likely to mainly be useful for copolymerization where the impurities do not cause inhibition. TGA results for the homopolymer show stability up to about 200 °C and then a rapid degradation to 8% mass. Poly-(1-MPHA) has a low T g , making it attractive to use 1-MPHA as a comonomer for polymers with high T g s and more importantly as a hydrophobe.
